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THE EFFECTS OF OPERATING PROPELLERS ON THE LONGITUDINAL 
CHARACTERTSTICS AT HIGH SUBSONIC SPEEDS OF A FOUR- 
ENGINE TRACTOR AIRPLANE CONFIGURATION HAVING 
A WING WITH ho? OF SWEEPBACK AND AN 

ASPECT RATIO OF 10 


By Fred B. Sutton and Fred A. Demele 
SUMMARY 


An investigation has been conducted at high subsonic speeds to 
determine the effects of operating propellers on the longitudinal cher- 
acteristics of a four-engine tractor airplane configuration having а 109 
swept wing with an aspect ratio of 10. Wind-tunnel tests were conducted 
through ranges of &ngles of &tt&ck and propeller thrust coefficients &t 
Mach numbers from 0.60 to 0.90 at Reynolds numbers of 1,000,000 and 
2,000,000. The effects of varying propeller blade angle, tail incidence, 
and vertical height of the horizontal tail were investigated. 


The over-all effects of operating propellers on the longitudinal 
characteristics were not large when compared to the effects of propeller 
operation at low speed. Compared to the model with the propellers off, 
operation of the propellers at constant thrust coefficients generally 
decreased the static longitudinal stability. Increasing the propeller 
thrust coefficient at a constant Mach number increased both the static 
longitudinal stability and the trimmed Lift coefficient. Operation of 
the propeliers at constant thrust coefficient increased the wing Lift- 
curve slope but had little effect on the variation of lift-curve slope 
with Mach number. Operation of the propellers had little effect on the 
Mech number for Longitudinal force divergence at a constant lift coeffi- 
cient but resulted in a decrease in the rate of change of longitudinal 
force coefficient with Mach number at supercritical speeds. This effect 
increased with increasing propeller thrust coefficient and with increas- 
ing Lift coefficient. 


A method of predicting the effects of propeiler normal force on the 


pitching-moment characteristics of the configuration is presented. Com- 
parisons with measured effects indicate that the accuracy of the method 


is good. 
— чи 
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Raising the horizontal tail had little effect on the longitudinal 
stability with the propellers removed but was destabilizing with the 
propellers operating. MED | 


For ап assumed airplane, operating at the power required for level 
Plight at an altitude of 40,000 feet, calculations indicate only а 
small change in the stable variation of tail incidence for trim with 
Mach number compared to the propellers-off condition. 


INTRODUCTION 


The potentialities of turbine-propeller propulsion systems are well 
recognized, particularly with regard to the take-off and range capabili- 
ties of multiengine airplanes. The combination of a turbine-propeller 
propulsion system and an airframe configuration utilizing а sweptback 
wing of high aspect ratio should make possible the achievement of long- 
range flight at relatively high subsonic speeds. This propulsive system 
could utilize supersonic propellers with high dise loadings. It is not 
believed that the effects of these propellers on the longitudinal char- 
acteristics of swept wings can be adequately predicted, either by exist- 
ing theoretical methods or by available experimental data. 


An investigation has been made in the Ames l2-foot pressure wind 
tunnel to determine the longitudinal characteristics of a representative 
multiengine airplane configuration with sweptback wings of high aspect 
ratio. The investigation was made with and without operating supersonic 
propellers. The power-off longitudinal characteristics of several com- 
binations of the components of this configuration have been presented 
in references 1 to 4. ‘The characteristics of the propeller are reported 
in reference 5. The results of & low-speed investigation to determine 
the effects of operating propellers on the longitudinal characteristics 
are presented in reference 6. The present report is concerned with the 
effects of operating propellers on the longitudinal characteristics of 
the configuration at high subsonic speeds, Tests were conducted over & 
Mach number range of 0.60 to 0.90 at Reynolds numbers of 1,000,000 and 
2,000,000. If the model is assumed to be 1/12 Scale, the power condi- 
tions simulated &t most test Mach numbers varied from windmilling to 
5000 horsepower per engine at an altitude of 40,000 feet or to 20,000 
horsepower per engine at sea level. 
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NOTATION 


upflow angle, average angle of local flow at the 0.7 propeller 
radius and at the horizontal center line of the propeller 
plane, measured with respect to the thrust axis in a plane 
parallel to the plane of symmetry 


mean-line designation, fraction of chord over which the design 
load is uniform 


normal acceleration 
wing semispan perpendicular to the plane of symmetry 


propeller blade width 


lift coefficient, 2225 
as 
tail lift coefficient, = 
454 


pitching-moment coefficient referred to the center of gravity, 
pitching moment 


ase 
(See fig. 1(а).) 


propeller normal-force coefficient, №. 





qs 
power coefficient — 
” раз 
thrust coefficient per propeller, I 
pn=p* 


longitudinal force coefficient, & 
| | а 


local wing chord parallel to the plane of symmetry 


local wing chord normal to the reference sweep line 


(See table I.) 
= c: zu > 
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bÆ 
Loc 
wing mean aerodynamic chord, Е 
boca 





wing-section design Lift coefficient 


center-of-gravity location 
(See fig. 1(а).) 


acceleration due to gravity 
propeller diameter 

maximum thickness of propeller blade section 
horsepower per engine 


incidence of the horizontal tail with respect to the wing- 
root chord 


propeller advance ratio, —— 


tail length, distance between the quarter points of the mean 
aerodynamic chords of the wing and of the horizontal tail 
measured parallel to the plane of symmetry 
free-stream Mach number 
normal force per propeller 
propeller rotational speed 
т 
normal acceleration factor, = 


shaft power per motor 


free-stream dynamic pressure, = руг 


Reynolds number, based on the wing mean aerodynamic chord 
propeller-tip radius 


propeller-blade-section radius . 


Е t o из . -. EE a. 
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5 area of semispan wing 

St &re& of semispan tail 

T thrust per propeller parallel to the stream 

Te thrust coefficient per propeller, 

ругре 

t wing section maximum thickness 

У free-stream velocity 

W weight of assumed full-scale airplane 

X longitudinal force, parallel to stream and positive ina 
dragwise direction 

у lateral distance from the plane of symmetry 

с, angle of attack of the wing chord at the plane ОҒ symmetry 
referred to herein as the wing-root chord 

о. angle of attack of the tail 

B propeller blade angle measured at 0.70 tip radius 

В? propeller-blade-section angie 

€ effective downwash angle 

1 propeller ог propulsive efficiency, = 

р mass density of air 

Ф angle of local wing chord relative to the wing-root chord, 


positive for washin, measured in planes parallel to the 
plane of symmetry 


Т. =) tail efficiency factor (ratio of the lift-curve slope of the 

horizontal tail when mounted on the fuselage in the flow 
field of the wing to the lift-curve slope of the isolated 
horizont&l taii) 


— tail effectiveness parameter, measured for а giyen angle of 
91+ attack 


= 
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Subscripts 

ам average 

м wing 

t tail 


MODEL AND APPARATUS 


The semispan model represented the right-hand side of a hypotheti- 
cal four-engine airplane. Figures l(a) through 1(d) and table I present 
dimensions and details of the model. Figure 2 shows the model mounted 
in the wind tunnel. The selection of the geometric properties and the 
details of the construction of the wing, nacelles, fences, tail, and 
fuselage have been discussed in references 1, 2, and 3. The three- 
bladed supersonic propeller, designated NACA 1.167-(0)(03)-058 and 
having right-hand rotation, was specifically designed for the subject 
investigation and is described in detail in reference 5. Figure 3 
presents the propeller plan-form and blade-form curves. 


The power to drive the propellers was supplied by a variable-speed 
induction motor in each nacelle. Each motor had а normal rating of 
75 horsepower at 18,000 revolutions per minute. The propellers were 
driven through gears at a rotational speed 1.5 times thet of the motors. 
The shaft power deliyered to the propellers was determined by measuring 
the input power to the motors and applying corrections for the motor 
and gearbox losses. Motor rotational speed was measured by means of an 
electronic tachometer on each motor. 


TESTS 


Test Conditions 


The longitudinal characteristics of the model were investigated 
over a Mach number range of 0.60 to 0.90 at Reynolds numbers of 1,000,000 
and 2,000,000. At each Mach number, tests were made with propeller blade 
angles of 41° and 51° through an angle-of-attack range of 2° to 109. At 
each angle of attack, the propeller rotational speed was varied from 
windmilling to the maximum obtainable, being limited by either maximum 
motor speed or maximum motor power. Measurements of the static pressures 
on the wind-tunnel walls during the tests at a Mach number of 0.90 
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indicated the possibility of partial choking of the wind tunnel. It is 
believed that the force and moment data shown at this Mach number are 
partially affected by this phenomenon. 


Tests were made at tail heights of O b/2 and 0.10 b/2 above the 
fuselage center line. Tail incidences of -29, -h?, and -69 were inyes- 
tigated at the 0 b/2 tail position. 


Propeller Calibration 


The propeller was calibrated on a specially constructed calibration 
nacelle which allowed the characteristics of the propeller, in the pres- 
ence of the spinner and the nacelle forebody to be ascertained. Refer- 
ence 5 presents the details of the calibration procedure and the results 
of the calibration. Propeller normal-force characteristics were deter- 
mined as part of the propeller calibration and are presented herein. 


REDUCTION OF DATA 


Thrust Coefficient 


The model thrust coefficient, Te, used herein is the average for 
the two propellers, and is obtained from the results of the propeller 
calibration (ref. 5). Advance ratios were computed for each of the 
propellers, and the corresponding thrust coefficients were obtained 
from the calibration results at & comparable Mach number, Reynolds 
number, average propeller upflow angle (ref. 7), and propeller blade 
angle. Typical variations of thrust coefficient with advance ratio for 
one propeller (ref. 5) are shown in figure Н. 


Adjustment to the advance ratios of the propellers operating on 
the model was necessary since propeller blade angles could be duplicated 
only to within +0.150 between the propeller calibration and the present 
test. In addition, it is probable that differences in the effective 
propeller blade angles between the model and the calibration nacelle 
existed because of slightly dissimilar radial distribution of upflow in 
the plane of the propeller (ref. T). The adjustment used was based on 
the observed differences in windmilling advance ratios between propeller 
operation on the model and on the calibration nacelle at comparable 
geometric propeller blade angles and test conditions. It was assumed 
that thrust as well &s power was approximately equal at the windmilling 
advance ratios for the two operations and that the small blade-angie 
difference did not affect the rate of change of thrust coefficient with 
advance ratio. Advance ratios measured for the propellers operating on 
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the model were adjusted by the difference between the windmilling 
advance ratios measured for the propeller operating on the model and 
on the calibration nacelle. Thrust coefficients for the powered model 
were then obtained from the calibration results at these adjusted 
advance ratios. These effects were generally small and changed the 
propeller thrust coefficient by only 0.002 at the higher Mach numbers 
and the larger thrust coefficients. 


Force and Moment Data 


The basic data obtained at various thrust coefficients at constant 
angle of attack were reduced to conventional form and are presented as 
lift coefficient as a function of angle of attack, and longitudinal 
force coefficient and pitching-moment coefficient as functions of 117% 
coefficient. These variations with angle of attack and lift coefficient 
were obtained by cross plotting the basic data for а lift-coefficient 
and thrust-coefficient relationship corresponding to an assumed full- 
scale power condition (Pig. 5) and for constant thrust coefficient. 


Corrections 


The data have been corrected for constriction effects due to the 
presence of the tunnel walls, for tunnel-wall interference originating | 
from lift on the wing, and for longitudinal force tares caused by aero- 
dynamic forces on the exposed portion of the turntable upon which the 
model was mounted. 


The effects of wind-tunnel-wall constraint on the propeller slip- 
streams were evaluated by the method of references 8 and 9 and were 
found to be negligible. The dynamic pressure was corrected for con- 
striction effects due to the presence of the tunnel walls by the method 
of reference 10. These corrections and the corresponding corrections 
to the Mach number are listed in the following table: 


Corrected | Uncorrected | [Corrected 
Mach number | Mach number dy 
neorrected 





2C 
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Corrections for the effects of tunnei-wall interference originating 
from the 1ift on the wing were calculated by the method of reference 11. 
Ihe corrections to the angle of attack and to the longitudinal force 
coefficient showed insignificant variations with Mach number. The cor- 
rections added to the date were as follows: 


Му = 0.0059 C? 


Тһе correction to the pitching-moment coefficient had significant varia- 
tions with Mach number. The following corrections were added to the 
pitching-moment coefficients: 


SOR | (тып on) 
Am = Ка Стазу orr ~ | V Ка Сал ore 7 A9 ) Sh — 


The values of Кі and K, for each Mach number were calculated by the 
method of reference 11 and are given in the following table: 





The correction constants for the tunnel-wall interference effects were 
computed for propeller-off conditions since the effects of propeller 
slipstream on wing lift and tail effectiveness were small over the Mach 
number range of the investigation. However, the lift coefficients used 
to determine the actual corrections were total values reflecting all 
the propeller effects. Results of the propeller calibration indicated 
the effects of propeller direct forces to be negligible. 


Since the turntable upon which the model was mounted was directly 
connected to the balance system, a tare correction to longitudinal 
force was necessary. This correction was determined by multiplying the 
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longitudinal force on the turntable, as determined from tests with the 
model removed from the wind tunnel, by the fraction of the turntable 
area, not covered by the model fuselage. The following corrections 
were subtracted from the measured longitudinal force coefficients: 





No attempt has been made to evaluate tares due to interference between 
the model and the turntable or to compensate for the tunnel-floor bound- 
ary layer which, at the turntable, had a displacement thickness of one- 
half inch. 


RESULTS AND DISCUSSION 


An index to the basic data is presented in table II. The basic 
data are tabulated in tables III through XI, and the coefficients of 
Lift, longitudinal force, and pitching moment are plotted in conven- 
tional form for constant values of thrust coefficient in figures 6 to 14. 
Figures 15 through 31 present, for selected conditions, the effects of 
propeller operation, Mach number, tail height, Reynolds number, and 
propeller blade angle on the longitudinal characteristics of the model. 


Effects of Operating Propellers on the 
Longitudinal Characteristics 


The longitudinal characteristics of the model, with and without 
operating propellers, are presented in figures 6 through 14. In general, 
the effects of the operating propellers were not large compared to the 
propeller effects at low speed shown in reference 6. Compared to the 
model without propellers, operation of the propellers at constant thrust 
coefficients generally increased the lift-curve slopes and decreased the 
static longitudinal stability. The term "static longitudinal stability," 
as used herein, refers to the slopes of the curves of pitching-moment 
coefficient as a function of lift coefficient. Decreases in stability 
are indicated by reductions in the negative slopes of the curves. Gen- 
erelly, the trim lift coefficients increased with increasing thrust 
coefficient but at any constant thrust coefficient they decreased with 
increasing Mach number. There was no large effect of operating propel- 
lers on tbe variation of longitudinal force coefficient with 117% 
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coefficient at lift coefficients less than about 0.10 or 0.50. It is 
believed that the erratic variations shown in some of the longitudinal 
force data at a Mach number of 0.90 are due, at least in part, to the 
choking phenomenon previously mentioned. 


The variations of the longitudinal characteristics with Mach number 
are presented in figures 15, 16, and 17. These variations are shown at 
lift coefficients of 0.20 and 0.10 for the model with the propellers off 
and with the propellers operating at several constant values of thrust 
coefficient. 


Operation of the propellers increased the lift-curve slopes (fig. 15) 
but, in general, had only small effects on the variation of lift-curve 
slope with Mach number. At a lift coefficient of 0.10, operating the 
propellers at a thrust coefficient of 0.03 increased the Mach number for 
Lift divergence from approximately 0.83 to approximately 0.86. 


Figure 16 shows the variation with Mach number of the increment of 
longitudinal force coefficient above its value at a Mach number of 0.70 
for several different values of propeller thrust coefficient and with 
propellers removed. It was anticipated that the Mach number of longitu- 
dinal force divergence would be decreased as a result of the increased 
velocity behind the operating propellers. However, this effect did not 
occur, and the Mach number for drag divergence was little affected by 
operation of the propellers. At supercritical speeds, the drag rise 
with increasing Mach number was reduced considerably with increase in 
propeller thrust coefficient. This reduction was due, in part, to 
increases in the wing lift-curve slope with the propellers operating. 
Thus, the same lift coefficient can be obtained at a lower angle of 
attack and this fact tended to reduce the shock-induced losses over the 
outer portion of the wing span. It is also thought that some of the 
effect stemmed from increases in the effective Reynolds numbers of the 
wing sections immersed in the propeller slipstreams. It is doubtful 
that a favorable Reynolds number phenomenon would prevail at full-scale 
Reynolds numbers. 


The effects of Mach number on the slopes of the pitching-moment 
curves are presented in figure 17 at lift coefficients of 0.20 ала 0.40 
for the model with the propellers off and with the propellers operating 
at several constant values of thrust coefficient. The effects of Mach 
number were generally greater with the propellers operating than with 
the propellers off. In general, the static longitudinal stability 
decreased slightly with Mach number when the tail was on and increased 
slightly when the tail was off up to a Mach number of approximately 0.82. 
At higher speeds, changes in stability due to Mach number were inconsist- 
ent and more pronounced. 
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Effects of the Operating Propellers on the 
Longitudinal Stability 


The factors which determine the static longitudinal stability of a 
propeller-driven airplane are the stability with the propellers removed, 
the direct propeller forces normal to and along the thrust axis, and the 
effects of the propeller slipstream on the flow on the wing and at the 
horizontal tail. Figures 18 and 19 show for several Mach numbers these 
various effects of the operating propellers on tail-on and tail-off 
static Longitudinal stability at zero thrust, at a comparatively high 
constant thrust coefficient, and at the conditions of constant horse- 
power shown in figure 5. The data presented were obtained by adding 
pitching-moment increments, referred to the center of gravity, due to " 
propeller thrust and normal force (from the propeller calibration data) 
to tbe propellers-off pitching-moment data. This total мав then eub- 
tracted fram the power-on pitching moments to ascertain approximately 
the slipstream effects. For both constant thrust and constant power, _ КЕРІ 
the various effects of the operating propellers on the pitching-moment 
characteristics of the model were small. For the center-of-gravity Ж 
position shown on figure 1(а), normal force and thrust of the propellers 
were generally destabilizing. The effects of the propeller slipstream 
on the wing were generally destabilizing while their effects on the tail ~ 
were generally stabilizing. 


Figure 20 presents, for a Mach number of 0.80 and а constant thrust 
coefficient of 0.05, a comparison of the predicted and measured varia- 
tions with angle of attack of the incremental pitching-moment coefficient 
due to propeller normal force. The measured variations of increments of 
pitching-moment coefficient with angle of. attack due to propeller thrust | 
and propeller slipstream on the wing and tail are also shown. The effect Ли 
of propeller normal force on the pitching moment was calculated by the 
method presented in the Appendix. The predicted pitching-moment incre- 
ments due to the propeller normal force are in good agreement with the 
measured effects. The small discrepancy at the lower angles of attack 
is believed due to lift stemming from the asymmetry of the nacelle fore- 
body. The theoretical computations did not account for any lift contri- 
bution due to the nacelle forebody. 


The effects of propeller slipstream on the pitching-moment charac- 
teristics of the wing and t&il could not be predicted to any acceptabie 
degree of accuracy with existing methods. It is believed that the com- 
bination of the effects of wing sweepback, of viscous separation, of 
propeller slipstream rotation, and of wing-nacelle interference makes 
the estimation of slipstream effects on the pitching-moment character- 
istics of the wing and tail virtually impossible for the present model. 


Figure 21 shows the variation with Mach number of the various 
effects of the operating propellers on the pitching-moment-curve 


ae 
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slopes A(dCy/dC;). Тһе data are presented Рог a representative lift 
coefficient for level flight (Ст, = 0.40) and for constant thrust coef- 
ficient and constant simulated horsepower. The effects of slipstream 
on the horizontal tail were assumed to be the differences between tail- 
on and tail-off slipstream effects. The effect of propeller normal 
force varied with Mach number at constant horsepower because of the 
relationship of thrust coefficient and lift coefficient used in caleu- 
lating the conditions (fig. 5). The variations of the effects of the 
propeller slipstream with Mach number were small, generally amounting 
to a change in pitching-moment-curve slope of less than +0.05. 


Effects of the Operating Propellers on the Stability Contribution 
of the Horizontal Tail 


The horizontal-tail contribution to stability is a function of the 
downwash factor 1 - (де/да), the tail-efficiency factor п.(а,/а), 


ac 
and the ratio Хата d isolated tall, 26/44), олаўей tari Calculations were made using 
(аст,/ба) ат oer 

the method of reference 12 to evaluate the effective downwash character- 
istics and the tail efficiency factor with and without operating propel- 
Jers. The force data presented in figures 6 through 9 and the isolated 
tail-force data presented in reference 3 were used for the computations 
of effective downwash angle €, n,(a,/a)> and the ratio 


ac 
(асу / ба), solated tail 


(dcy/da), 44 ope 
bers in figures 22, 23, and 2 ав functions of angle of attack. It was 
assumed for the computation of downwash angle є and tail-efficiency 
factor n, (44/4) that the Mach number at the tail was the same as the 
free-stream Mach number. The effect of the propellers on downwash 
amounted to a change in downwash angle of 0.59 or less. At high angles 
of attack the effect of the operating propellers on the factors 7, (a,/a) 
Ме ни edades eid 
ата was sizable, however, these effects are 
(acr бокала оре 
compensating and their over-all effect on tail effectiveness was small. 


and the results are shown for several Mach num- 


The variations with Mach number of the tail-effectiveness parameter, 
9Cgp/91«; the isolated tail Lift-curve slope, and the various factors 
affecting the stability contribution of the tail are shown in figures 25, 
26, and 27 for a representative level flight, high-speed altitude (a-h9). 
The effects of Mach number on дС /dit were small with and without the 
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operating propellers. For the selected condition, operation of the pro- 
pellers had little effect on the variations of the factors 1 - (де/да), 


(acr, /do«) 
t isolated tail with Mach number. 


(аст,/да) tair off 


".(а,/4) , and 


The effects of horizontal-tail height on the pitching-moment-curve 
slopes of the model with and without operating propellers are shown in 
Pigure 28 for several Mach numbers. Raising the horizontal tail 
increased the static longitudinal stability slightly with the propellers 
off at Mach numbers less than 0.90, but was destabilizing oyer the Mach 
number range of the investigation with the propellers operating. 


Propulsive Characteristics 


Figure 29 presents for an upflow angle of approximately 09 and a 
Mach number of 0.80, a comparison of the characteristics of the isolated 
propeller (ref. 5) with the propulsive characteristics of the model. 
Also shown is a comparison of the variations with Mach number of the 
efficiency of the isolated propeller and the propulsive efficiency of 
the model at a constant thrust coefficient of 0.04. 


The propulsive characteristics include the lift due to the propel- 
ler slipstream (ref. 13) &nd the effects of the operating propellers on 
longitudinal force characteristics previously discussed. The propeller 
is credited with these effects by calculating the effective thrust coef- 
ficients and propulsive efficiencies of the model as follows: 


— = = 
CTeffective = - (вю?) 22 C= on “Xprops off 


const. Crops ЗА 


and propulsive efficiency 


_ CTePfective 7 
Cp 


Figure 29 indicates that the effective thrust coefficients for 
the conditions selected for the comparison were greater than the 
thrust coefficients measured for the isolated propeller, and that the 
corresponding propulsiye efficiencies, consequently, exceeded the effi- 
ciencies indicated for the isolated propeller. Generally, the propul- 
sive efficiency increased with increasing Mach number while the effi- 
clency of the isolated propellers decreased slightly. This effect is 
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believed to be associated with the decrease in the rate of change of 
longitudinal force coefficient with Mach number indicated in figure 16. 


In computing propulsive efficiencies, no distinction was made 
between the effects of propeller slipstream and the effects of propeller 
direct forces. However, for the range of Mach numbers and propeller 
thrust coefficients of the subject investigation, the effects of propel- 
ler direct forces on lift were negligible. 


Longitudinal Characteristics of an Assumed Airplane 


Figure 30 presents a summation of the longitudinal characteristics, 
as calculated from the results of the subject investigation, of an 
assumed airplane operating with the power required for level flight at 
an altitude of 40,000 feet. These characteristics are presented as 
functions of Mach number or normal-acceleration factor. The lift coef- 
ficients shown are computed values based on a wing loading of 65 pounds 
per square foot and the assumed airplane altitude. 


The effects of propeller operation at the power for level flight on 
the static longitudinal stability of the airplane were small (fig. 28). 
Compared to propellers-off stability а maximum decrease іп pitching- 
moment-eurve slope of 0.04 was indicated at а Mach number of 0.70. Only 
a small change was indicated in the stable yariation of tail incidence 
for trim with Mach number between the conditions of propellers off and 
propellers operating at the power required for level flight. At constant 
Mach number, the variation of tail incidence for trim with normal accel- 
eration was not greatly affected by the operation of the propellers at 
the power required for levei flight. 


Effects of Reynolds Number and Propeller Blade Angle 


Lift-curve slopes, pitching-moment-curye slopes, and longitudinal 
force coefficients for the model at a lift coefficient of 0.10, with 
and without operating propellers, are presented in figure 31 for 
Reynolds numbers of 1,000,000 and 2,000,000 at Mach numbers of 0.70, 0.80, 
and 0.90. These slopes and coefficients are also presented for propeller 
blade angles of 1019 ала 519 at Mach numbers of 0.70 and 0.80. The 
effects of varying Reynolds number and propeller blade angle on the 117%- 
curve slopes and pitching-moment-curve slopes were negligible at Mach 
numbers of 0.70 and 0.80. Appreciable Reynolds number effects were evi- 
dent on these slopes at a Mach number of 0.90. Howeyer, it is believed 
thet the date for this Mach number were affected by the partial choking 


previously mentioned. 
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Longitudinal force coefficients were only slightly affected by 
changes of Reynolds number and of propeller blade angle at & Mach num- 
ber of 0.70 and 0.80. At a Mach number of 0.90, increasing the Reynolds 
number from 1,000,000 to 2,000,000 resulted in sizable decreases in 
longitudinal force coefficient. 


CONCLUSIONS йен 


An investigation has been made of the effects of operating propel- 
ters upon the longitudinal characteristics of a four-engine tractor 
airplane configuration employing a wing with 40° of sweepback and an 
aspect ratio of 10. The Mach number range of the investigation was 0.60 
to 0.90. The following conclusions were indicated: 


1. The over-all effects of operating propellers on the longitu- 
dinal characteristics at high subsonic speeds were not large when com- 
pared to the effects of operating propellers at low speeds. The pro- - 
pellers operating at constant thrust coefficients generally resulted in 
& reduction in the longitudinal stability. Increasing the propeller 
thrust coefficient while maintaining a constant Mach number increased | x 
both the longitudinal stability and the trimmed lift coefficient. 


2. Operation of the propellers at constant thrust coefficient 
increased the wing lift-curve slope but had little effect on the varia- 
tion of lift-curve slope with Mach number. 


3. Operation of the propellers had little effect on the Mach num- 
ber for longitudinal force divergence at a constant lift coefficient | 
but resulted in a decrease in the rate of change of longitudinal force — 
coefficient with Mach number at supercritical speeds. This effect 
increased with increasing propeller thrust coefficient and with increas- 
ing Lift coefficient. 


|, It was possible to predict the effects of propeller normal 
force on the longitudinal stability of the model with good accuracy. 
However, the propeller slipstream effects on the wing and horizontal 
tail could not be predicted with existing methods to any acceptable 
degree of accuracy. 


5. Raising the horizontal tail had little effect on the longitu- E 
dinal stability with the propellers removed but was destabilizing with 
the propellers operating. 


6. For an assumed airplane, operating at the power required for ^ 
level flight at an altitude of 40,000 feet, calculations indicate only 


oS o] | 


5С 
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а small change in the stable variation of tail incidence for trim with 


either Mach number or normal acceleration compared to the propellers- 
off condition. 


Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 
Moffett Field, Calif., Oct. 23, 1953 
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APPENDIX 


CALCULATION OF PROPELLER NORMAL FORCE 


Isolation of propeller effects on the longitudinal stability of an 
airplane requires either a knowledge of the normal-force characteristics 
of the propeller or a suitable method of calculating those characteris- 
tics. The method used herein for predicting propeller normal force is 
presented in this Appendix in addition to experimental normal-force data 
obtained with the calibration nacelle reported in reference 5. 


Presented in figure 32 is propeller normal-force coefficient as 
a function of upflow angie at 0.7 propeller radius for the 
NACA 1.167-(0)(03)-058 three-blade propeller used in this investigation. 
Shown 1n figure 33 for & representative blade angle and Mach number at 
an upflow angle of 59 is a comparison of the experimental and theoretical 
variation of normal-force-curve slope with thrust coefficient. It may 
be noted that the agreement between the theoretical and experimental 
slopes is good, the theoretical values being approximately 95 percent 
of the experimental normal-force-curve slopes. 


Ihe method. used in calculating propeller normal force, which was 
proposed by Messrs. Vernon L. Rogallo &nd John L. McCloud III of the 
Ames Aeronautical Laboratory, is based on the relationship of the pro- 
peller normal force to the oscillating torque-producing components of 
force on the blades as they operate in the nonuniform flow field. This 
can be expressed as follows: 





l Xxl. О 
Cy = те (се, сов wes) 
Ы х=ха 
where 
CN normal-force coefficient, 
ало? 


D propeller diameter, ft 


J advance ratio, — 
nD 


cp, amplitude of 1 X P variation of torque-force coefficient 
N normal force, measured perpendicular to thrust axis, lb 


X radial location of blade section, zs 
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Xg spinner radius, fraction of tip radius 
wp, phase angle of 1 X P variation of torque force 
If it is assumed that there are no odd-order variations of torque force 


above the fundamental, the product (ег, сов > оед) can be found by the 
following relationship: mE 


(ee cos 0) fik = 1/2 ( 097 ет 
x 


Where 


Q angular position about the thrust axis, measured counterclockwise 
from the upper vertical position as seen from the front, deg 


The torque force coefficient can be calculated by its relationship to 
the thrust coefficient, that is, 


ср = cy tan (9 + y) 


The formula for computing the thrust coefficient is the same 25 given 
in reference lli, except that % is replaced by tA and is as follows: 


Ево, гтоб Ёк 57-3 ( ал 2 
cot Ф + ) 
51.3 





s үз _% cot Ф- tan y Gs sin A\* 
за их 





where 


A upflow angle, angle of local flow at 0.7 propeller radius and at 
the horizontal center line of the propeller, measured with 
respect to the thrust axis in a plane parallel to the plane of 


symmetry, deg 


съ section thrust coefficient, aust 

ов“ Бр 

K Goldstein correction factor for finite number of blades 
r radius to blade section, ft 


Rt propeller radius, ft 


~ 


20 


ai 


Po 


yr 


--— 


propeller induced angle of inflow, deg 


— blade-section drag ) 


blade-section lift 


Ф, + X4, deg 


teai( V! cos A J 
харх + ү? sin 


local velocity, ft/sec 
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and where both + ала - signs are indicated, the + is for 0 = 90°, and 
the - is for 2 = 270°. 
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TABLE I.- GEOMETRIC PROPERTIES OF THE MODEL 
Wing 


Reference sweep line: Locus of the quarter-chord points 
sections inclined 40° to the plane of symmetry 


Aspect ratio (full-span wing)... 
Taper ratio . e o e o o =s e е е ee o 


Sweepback • є ө э ө т е v o o 

Twist е е е е е е • е в е Фе * 

Reference sections (normal to yeferaüce sweep line) 
Воо5............ NACA ОО1\, а-0.8 (modified) Сі,-0.5 


Tip е е е е в ев е в < o о МАСА 0011, a=0.8 (modified) C1,70.l 


nud n 6.9hh ft? 
"m . 1.951 ft 


Area (semispan model). .......... 

Mean aerodynamic chord e e e « e e « e o o 

Incidence (measured in the plane of symmetry) 

Fences аб y/b/2 = 0.33, 0.50, 0.70, and 0.85 
(See fig. 1(4) for fence details.) 


Nacelles 


Frontal area (each). © ө e e e e à a ве е е а еее € 

Inelination (measured with respect to wing root chord) 
Inboard . e a e aoso е = es - ө ө ө е ө ө е ө а ос 
Outboard e e wo „= вж жк ке OE иа ө е е 


Propellers 


Diameter 4 s a € ce ie! wx» а 9 x " 
Number of blades o ааа ........ — 

Propeller-activity f&ctor (per blade). . . 188. i 
Propeller-blade thickness-chord ratio (0.70 radius). . e 0.03 
Bolidity (per DLAde) s e s e ав ав * 224... 2% . 0.058 
Biade sections oes еее вее- ее е € Bymmetrical NACA 16 series 


е 
= 


Horizontal Tait 


Reference sweep line: Locus ОҒ quarter-chord points of sections 
inclined 509 to the plane of symmetry 


Aspect ratio (full-span tail) 

Taper ratio сезонное сое 
Sweepback e э ө ө ө o ө ооо е е е« ох «= 
Reference section (normal to reference sweep line) 
Tail length 2 1+ © © o ө е è е < е < е € ooe ^ © 
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TABLE Т.- GEOMETRIC PROPERTIES OF THE MODEL - Concluded 


Horizontal Tail (Continued) 


Area (semispan model) . . . . . оо ы әсе аса Ан eset fee 
Mean aerodynamic chord ,..... # же 2 wow (05033 ТЕ 
Tail volume, Т/с (5/8) • • . + « EVA u.c пе Se бй ла”: 06565 
Tail heights (measured vertically from the fuselage 

center line to the hinge axis of the horizontal tail 

(see fig. 2(8)) 4 e 4. re 9 «ox xo eov оО 0.10 b/2 


Fuselage 
Fineness ratio . «+ ee ee eo ee ee «. •. « 1232.6 
Frontal area (semispan model) . e . èe. « . е... o o o 0.273 ft? 
Fuselage coordinates: 


Distance from 
nose, in. 


«27 


ны 
о 
$ е • е ооо 


о 
1 
2.5 
5.08 

10.16 

20.31 

30.57 

39.1 

50.00 

60.00 

70.00 

76.00 

82.00 

88.00 

94.00 

00.00 

00 
00 


Б 
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TABLE II.- INDEX OF TABLES AND FIGURES REPRESENTING 
THE BASIC LONGITUDINAL DATA 


0.70 to 0.90 


0.70 io 0.90 


0.70 to 0.90 
0.70 to 0.90 
0.70 to 0.90 
0.70 to 0.90 


0.70 to 0.90 
0.60 to 0.80 


0.60 іс 0.80 


1 
1 
1 
1 
2 
2 
2 
2 





№ 
СА 


TATL HEIGHT = 0 b/2, 14 = -2°, 


A WING WITH ho? OF SWEEPBACK AND AN ASPECT RATIO OF 10; 


B = 519, R x 1,000,000 


TABLE ITI.- LONGITUDINAL CHARACTERISTICS OF A FOUR-ENGINE TRACTOR AIRPLANE CONFIGURATION HAVING 


(а) M = 0.10, 0.80, 0.83 
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TABLE III.- LONGITUDINAL CHARACTERISTICS OF A FOUR-ENGINE TRACTOR AIRPLANE CONFIGURATION HAVING 
В = 519, В = 1,000,000 ~ Concluded 


"um а. ЗА 
—— У 


28 


TAIL HEIGHT = 0 b/2, 14 = -10, 


„83 


0 


TO, 0.00, 


0. 


(a) M = 


А WING WITH ho? OF SWEEPBACK AND AN ASPECT RATIO OF 10 


В ж 510, В = 1,000,000 


TABLE IV.- LONGITUDINAL CHARACTERISTICS OF А FOUR-ENGINE TRACTOR AIRPLANE CONFIGURATION HAVING 
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TABLE IV.- LONGITUDINAL CHARACTERISTICS OF A FOUR-ENGINE TRACTOR AIRPLANE CONFIGURATION HAVING 
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В ж 510, R = 1,000,000 = Concluded 


TABLE V.- LONGITUDINAL CHARACTERISTICS OF A FOUR-ENGINE 
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TABLE VI.- LONGITUDINAL CHARACTERISTICS OF А FOUR-ENGINE TRACTOR AIRPLANE CONFIGURATION HAVING 
A WING WITH 109 OF SWEEPBACK AND AN ASPECT RATIO OF 10; ТАП, OFF, В = 519 
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TABLE VI.- LONGITODINAL CHARACTERISTICS OF A FOUR 
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TABLE ҮТТІ.- LONGITUDINAL CHARACTERISTICS OF A FOUR-ENGINE TRACTOR AIRPLANE CONFIGURATION HAVING 


A WING WITH ho? OF SWEEPBACK AND AN ASPECT RATIO OF 10; TAIL OFF, В = 510, В = 2,000,000 
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Figure 8.- The effect of operating propellers on the longitudinal characteristics of the model. 
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Figure 14.- The effect of operating propellers on the Speci characteristics of the model. 
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Figure 14.- Concluded. 
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(а) Tail height = O b/2, iş = -10. 


Figure 15.- The effect of Mach number at constant lift coefficient on 
the lift-curve slopes of the model with and without operating pro- 


peilers. 


В = 519, R=1 x 108. 
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(b) Tail off. 


Figure 15.- Concluded. 
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Figure 16.- The effect of Mach number at constant Lift coefficient on 
the longitudinal force coefficient increment of the model with and 
without operating propellers. Tail height = O b/2, ір = -h9, В = 510, 


В = 1х 108. 
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(a) Tail height = O Ъ/2, 14 = -h9. 


Figure 17.- The effect of Mach number at constant lift coefficient on 
the pitching-moment-curve slopes of the model with and without oper- 
ating propellers. В = 519, R = 1 x 108 
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(b) Tail off. 


Figure 17.- Concluded. 


8T 


“NACA 





-p M қыт — шәә 


Е Am rop thrust 


TAL Cmprops off * бтргор thrust 
—--— Стргорв off + Am rop thrust +A Сл ор normal force * 


ШЕКЕ ИИИ DL. 
МАУ И 
НАЛ - 


+4 Стргор normal force 









ШЕШЕ 
М8 





Angle of attack ,a,deg 





R 
` 
" 
` 
З 


Pitching-moment coefficient, Ст 


(a) M = 0.70 


Figure 18.- The various effects of operating propellers at constant thrust on the pitching- 
moment characteristics of the model. Tail height = 0 b/2, it = -4 ‚ В = 510, Е = 1 х 107. 
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Figure 18.- Continued. 
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Figure 19.- Concluded. 
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Figure 20.- Comparison of the measured and predicted effects of propeller normal force on incre- 
ment of pitching moment gee the measured effects of propeller thrust and slipstream on incre- 
ment of pitching moment. М = 0,00, To = 0.04, tail height = 0 Ъ/2, із = ++, В = 510, 

R = 1х 109 
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Figure 21.- The variation with Mach number of the various effects of 


Operating propellers on increment of pitching-moment- curve slope. 
СТ, = O.lO, tail height = O b/2, 1+ = -h^, В = 517, В = 1 x 108. 
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Figure 22.- The effect of operating propellers on the variation of down- 
wash angle with angle of attack. Tail height = 0 b/2, B = 519, 
В = 1 x 106, 
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Figure 23.- The effect of operating propellers on the variation of tail- 


efficiency factor with angle of attack. Tail height = О b/2, 
В = 510, В = 1 x 10° | di 
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Figure 2}.- The effect of operating propellers on the variation with 
angle of attack of the ratio of isolated horizontal tail lift-curve 
slope to tail-off lift-curve slope. В= 519, R = 1 x 108. 
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Figure 25.- The effect of Mach number on the lift-curve slope of the 
isolated horizontal teil. од, = 4°, В = 2 108. 
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Figure 26,- The effect of Mach number on the effectiveness of the hori- 
zontal tail with and without operating propellers. a = 4°, tail 
height = 0 b/2, В = 510, в = 1 x 108. 
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Figure 27.- The variation with Mach inb with and without operating 


propellers of the factors affecting the stability contribution of ше 
horizontal teil. а = 10, tail height = О 5/2, В = 510, В = 1 x 109 
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Figure 28.- The effect of horizontal-tail height on the pitching-moment- 
curve slopes of the model with and without operating propellers. 
Cr = 0.0, 4+ = -40, В = 519, В = 1 x 108, 
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Figure 29.- Comparison of propulsive characteristics with isolated pro- 
peller characteristics. А = 09, В = 519, R = 1 x 108. 
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Figure 30.- Summary of the aerodynamic characteristics of a hypothetical four-engine airplane in 
level flight at 40,000 feet. Tail height = О Ъ/2, п... = 0.65, W/S = 65 1b/sq ft. 
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(a) Lift-curve and pitehing-moment-curve slopes. 


Figure 31.- The variation of the longitudinal characteristics of the model with thrust coeffi- 
cient for two propeller blade angles and Reynolds numbers with and without operating pro- 
pellers, Cy, = 0.10, tail height = 0 b/2, 14 = -4°. 
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(b) Longitudinal force. 


Figure 31.- Concluded. 
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Figure 32.- Normal-force characteristics of the NACA 1.167-(0) (03)-058 
propeller. В = 519, В + 1х 10%. 
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predicted normal-force-curve slopes for the 
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NACA 1.167-(0) (03)-058 propeller. Ме 0.80, В = 519, Е = 1 x 108. 


Figure 33.- Comparison of measured and 
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